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to constrain neutralino particle parameters from supersymmetric theory, including those suggested by recent
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There are many hints pointing to the existence of non-
baryonic dark matter in our universe @1#, which may consist
of weakly interacting massive particles ~WIMPs!. Measure-
ments of the mass density of the universe, VM , indicate a
density considerably in excess of the density of baryonic
matter allowed by big bang nucleosynthesis ~BBN! calcula-
tions. For example, the POTENT analysis of peculiar veloci-
ties of galaxies @2# excludes VM,0.3 at the 2.4s level (VM
is in units of the critical density!. In contrast, the limits for
baryonic mass (Vb) from BBN are 0.005&Vb&0.10 at 95%
C.L. @3# for 0.4&h&1, where h is the scaled value of the
Hubble constant. This discrepancy is an indication that there
must be some undiscovered nonbaryonic dark matter. Fur-
ther, large-scale structure models coupled with Cosmic
Background Explorer ~COBE! data @4# also favor cosmologi-
cal scenarios with large amounts of dark matter. One recent
model favors a mixture of 70% cold dark matter, 20% hot
dark matter and 10% baryons @1#. At smaller scales ~roughly
100 to 10 000 kpc! virial estimates on groups and clusters of
galaxies and rotation curves of spiral galaxies @5# while re-
quiring smaller values of VM are still consistent with the
need for non-baryonic dark matter. Furthermore, dark matter
in galaxies is also motivated by the fact that dark matter
halos seem to help stabilize spiral disk structure @6#. Even
with the inclusion of massive compact halo objects ~MA-
CHOs! into this picture we are still unable to account for all
of the dark matter halo of our galaxy @7#.
A long list of nonbaryonic cold dark matter candidates
has been suggested, among which the supersymmetric
~SUSY! neutralino, considered in this paper, and the axion
seem to be the most promising @8#. SUSY postulates a sym-
metry between bosons and fermions predicting SUSY part-
ners to all known particles ~for a review see Ref. @9#!. SUSY
solves a host of particle physics questions such as the ‘‘hi-
erarchy problem’’ @explaining the large difference between
the weak and grand unified theory ~GUT! scales#; generating
electroweak symmetry breaking through the Higgs boson
mechanism; and stabilizing the Higgs boson mass at the
weak scale. In theories where R parity is conserved there
exists a stable lightest supersymmetric particle ~LSP!. If the
neutralino is the LSP it is a natural WIMP candidate: it is a
weakly interacting particle with a mass between roughly a
GeV and a TeV and would be expected to have a significant
relic density. The neutralino x˜ is the lightest linear superpo-
sition of gaugino and Higgsino eigenstates ~gauginos and
Higgsinos are SUSY counterparts to the Higgs and gauge
bosons!:
x˜ 5a1g˜ 1a2Z˜ 1a3H˜ 11a4H˜ 2, ~1.1!
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Currently, supersymmetric parameter space for the neu-
tralino is constrained primarily by accelerator searches. Data
from the CERN e1e2 collider LEP @10# lead to lower limits
on the neutralino mass mx between 20 and 30 GeV. These
limits are model dependent and correlated to limits from
chargino ~a mixture of w-inos and charged Higgsinos!
searches.
In this framework, ‘‘direct’’ and ‘‘indirect’’ methods for
detecting Galactic halo WIMPs can probe complementary
regions of the supersymmetric parameter space, even when
more extensive LEP 2 results become available. Direct meth-
ods detect WIMPs via a direct interaction of a WIMP, such
as by observing the energy deposited in a low-background
detector ~e.g., semiconductors or scintillators! when a WIMP
elastically scatters from a nucleus. Indirect methods look for
by-products of WIMP decay or annihilation such as neutri-
nos resulting from the annihilation of WIMPs. An excellent
prospect for indirect WIMP searches is to look for high en-
ergy neutrinos from WIMP annihilation in the core of the
Earth or the Sun @11–13#. In MACRO, such neutrinos would
be detected as neutrino-induced upward-going muons which
can be distinguished from downward-going cosmic-ray
shower muons.
II. UPWARD-GOING MUONS
FROM WIMP ANNIHILATION
Dark matter WIMPs in the Galactic halo can be captured
in a celestial body by losing energy through elastic collisions
and becoming gravitationally trapped. As the WIMP density
increases in the core of the body, the WIMP annihilation rate
increases until equilibrium is achieved between capture and
annihilation. High energy neutrinos are produced via the
hadronization and decay of the annihilation products ~mostly
fermion-antifermion pairs, weak and Higgs bosons! and may
be detected as upward-going muons in underground detec-
tors.
The capture rate for an astrophysical body depends
on several factors: the WIMP mean halo velocity
(;270 km s21), the WIMP local density (rx;0.3
20.6 GeV cm23), the WIMP scattering cross section, and
the mass and escape velocity of the celestial body @8#. The
WIMP may scatter from nuclei with spin ~e.g., hydrogen in
the Sun! via an axial-vector ~‘‘spin-dependent’’! interaction
in which the WIMP couples to the spin of the nucleus or via
a scalar interaction in which the WIMP couples to the
nuclear mass. In axial-vector interactions the probability for
a given energy loss is constant up to the kinematic limit of
the interaction, while for a scalar interaction there will be a
suppression of the cross section at high momentum transfers
@8#. Elastic scattering is most efficient when the mass of the
WIMP is similar to the mass of the scattered nucleus. Hence,
the heavy nuclei in the Earth make it very efficient in cap-
turing WIMPs with mx&100 GeV ~the resonance effect
@14#!. The Sun, in contrast, has a smaller average nuclear
mass, but is nonetheless efficient in capturing WIMPs due to
its larger escape velocity.2-2
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ground experiment as a statistically significant excess of
upward-going muon events from the direction of the Sun or
of the Earth among the background of atmospheric neutrino-
induced upward-going muons. High energy neutrino-induced
upward-going muons tend to retain the directionality of the
parent neutrino. This directionality permits a restriction of
the search for WIMP annihilation neutrinos to a narrow cone
pointing from the Earth or Sun, greatly reducing the back-
ground from atmospheric neutrinos. This effect, along with
the increase in neutrino cross section with energy and longer
range of high energy muons, means that this method of de-
tection achieves an increasingly better signal to noise ratio
for high WIMP masses.
Data on upward-going muons from the core of the Earth
and of the Sun have been presented by several experiments,
notably Baksan @15#, Kamiokande @16#, and IMB @17#. In
this paper we describe a WIMP search using the MACRO
detector.
III. WIMP SEARCH IN MACRO FROM THE EARTH
AND THE SUN
The MACRO apparatus @21#, located in the Gran Sasso
Underground Laboratory of the Italian Istituto Nazionale di
Fisica Nucleare, detects upward-going muons using a system
of limited streamer tubes for tracking ~angular resolution
;0.5o) and roughly 600 tons of liquid scintillator for fast
timing ~time resolution ;500 ps!. The detector has overall
dimensions of 1237739 m3 and it is divided in 6 units
called supermodules. The bottom 4.8 m of the apparatus is
filled with rock absorber along with active detector elements
which sets a minimum energy threshold of about 1 GeV for
vertical muons crossing the detector. The upper part, called
the attico, is an open volume containing electronics as well
as active detector elements. The streamer tubes form 14 hori-
zontal and 12 vertical planes and the liquid scintillator
counters form 3 horizontal and 4 vertical planes on the outer
surfaces of the detector.
The neutrino events in the MACRO detector used for the
WIMP search can be seen in two different topologies
~1! Through-going upward muons. These events are pro-
duced by neutrinos interacting in the rock below MACRO
and pass entirely through the detector. For atmospheric neu-
trinos the spectrum ranges from 1 to 104 GeV and the peak
energy is about 100 GeV.
~2! Internally produced upward-going events induced by
neutrinos interacting in the lower part of the detector and
producing a lepton which moves upward through the two
upper scintillator layers. For atmospheric neutrinos the peak
energy is about 4 GeV. To detect these events the attico must
be in operation. For atmospheric neutrinos the peak energy is
about 4 GeV.
These topologies are recognized using the time-of-flight
technique. The time-of-flight technique is used to discrimi-
nate upward-going neutrino-induced muons from the back-
ground of downward-going atmospheric muons. Each scin-
tillator records the time of a particle crossing by measuring
the mean time at which signals are observed at the two ends08200of the counter. The transit time of a particle is found by
taking the difference between the crossing times of two scin-
tillation counters. In our convention, upward-going muons
are considered to have a negative velocity, and downward-
going muons a positive velocity.
We present the results of WIMP searches using data gath-
ered from March 1989 to March 1998. This data set encom-
passes five years of running with partial apparatus ~March
1989 to April 1994! and 4 years of running with the full
apparatus including the attico ~April 1994 to March 1998!
and it corresponds to livetimes including efficiency of 1.38
yr of running with the first supermodule, 0.41 yr of running
with the lower part of the detector, and 3.1 yr of running of
the full detector. The details of the upward-going muon
analysis for the first supermodule and the lower detector can
be found in Ref. @22#, for the full apparatus in Ref. @23#.
A. The search for WIMPs from the Earth
Slightly different data sets and selection criteria are used
for the WIMP searches for the Earth and the Sun in order to
optimize the signal over background for each. For the Earth
analysis only through-going upward muons which traverse at
least 200 g/cm2 of absorber are used ~category 1 above!. The
absorber requirement reduces the background due to soft
pions produced at large angles by undetected downward-
going muons to 1% @24#. A total of 517 through-going up-
ward muon events are used in the search for WIMP annihi-
lation neutrinos from the Earth. We consider several
contributions to the background of through-going upward
muons: events with an incorrect timing measurement ~such
as muons in coincidence with radioactivity, other muons, or
electromagnetic showers! and soft pions produced at large
angles. We estimate 20 background events in the Earth
sample of 517 through-going upward muons.
The expected background of upward-going muons from
atmospheric neutrinos is calculated with a full Monte Carlo
calculation ~described in Refs. @22,23#!. This calculation uses
the Bartol flux @25#, the Morfin and Tung parton set S1 @26#
for the deep inelastic nN cross-section, and the muon energy
loss in the rock from Ref. @27#. We estimate a total uncer-
tainty in the calculation of 17% @22,23#. We have considered
scenarios both with no neutrino oscillations as well as with
the neutrino oscillation parameters of Ref. @23#. The oscilla-
tions parameters considered are Dm252.531023 eV2 and
sin2 2u51 and the statistical significance of the agreement
between the data and the oscillation model considered is dis-
cussed in Ref. @23#.
In the no-oscillation scenario the expected number of at-
mospheric neutrino events is 6626113theor as compared to
462679theor in the oscillation scenario. In both cases there is
a deficit of the measured events with respect to the expected
number in the region around the vertical direction of
MACRO, where the efficiency and acceptance of the appa-
ratus are best known. This has been checked using the large
statistics of downward-going muons. Particularly, we have
compared the acceptance and efficiency evaluation of the
upward-going muon analysis with the analysis of the vertical
muon intensity @28# and in the vertical region they are in
agreement within 5%.2-3
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pected numbers of upward-going muons in the expected sig-
nal region (0° to 30° from the vertical!, we normalize the
expected signal using data outside the expected signal re-
gion. This normalization is motivated by the fact that the
absolute error of the expected flux is relatively high, whereas
the shape of the flux is known to a few percent @29#. This
normalization factor is determined separately for each of the
search cones considered, using the ratio of observed to ex-
pected events outside the search cone.
We show both the expected atmospheric neutrino back-
ground with and without oscillations in Figs. 1~a! and 1~b!.
Figure 1~a! shows the zenith angle distribution of the mea-
sured events and of the expected ones from atmospheric neu-
trinos. If neutrinos oscillate with these parameters the ex-
pected number of events would be reduced and the angular
distribution of through-going upward muons would be dis-
torted because neutrinos at the nadir oscillate more than
those at the horizon due to their longer pathlength ~for a full
discussion see Ref. @23#!. We note that the slight excess ob-
served in the region 20.7&cos u&20.6 is very unlikely to
be produced by any plausible WIMP model, since this region
FIG. 1. ~a! Distribution of measured through-going upward
muons ~black circles! as a function of the cosine of the zenith angle
(u). The expected distribution of through-going upward muons in-
duced by atmospheric neutrinos are shown for the no oscillation and
the nm2nt oscillation hypothesis for maximum mixing and Dm2
50.0025 eV2 ~solid line and dashed line!. The expected distribu-
tions are multiplied by the ratio of the measured events over the
expected ones outside the largest window (30°). The normalization
factors are 0.82 for the solid line and 1.19 for the dashed line. ~b!
Muon flux limits ~90% C.L.! as a function of the search cone which
is the angle from the vertical ~the nadir angle!. The angle varies
from 3° to 30° in steps of 3°. In both plots, the dashed line is
obtained in the hypothesis of nm→nt oscillations of the atmo-
spheric neutrino background with maximum mixing and Dm2
50.0025 eV2.08200is far from the expected signal region @u&30°—see Fig.
3~a!#.
Muon flux limits are evaluated as
F~90% C.L.!5
NP~90% C.L.!
E , ~3.1!
where NP is the upper Poissonian limit ~90% C.L.! given the
number of measured events and expected background @30#
due to atmospheric neutrinos and E is the exposure given by
equation
E5E
Tstart
Tend
e~ t !3A@V~ t !#dt , ~3.2!
where A@V(t)# is the detector area in the direction of the
expected signal (V) at time t, e is the detector efficiency
~discussed in Refs. @22,23#! which takes into account the
possible variations of detector running configuration during
data taking, and Tstart and Tend are the start and end times of
data taking. For the Earth, the signal is expected always from
the same direction, hence V is a constant with time and the
detector acceptance A is calculated using the Monte Carlo
calculation in Refs. @22,23#, the live-time and efficiency are
calculated using downward-going events.
Since the number of detected events is less than that ex-
pected from the atmospheric neutrino flux, we set conserva-
tive flux limits by assuming that the number of measured
events in the signal region equals the number of expected
events in that region @30#. In Fig. 1~b! the 90% C.L. muon
flux limits for the Earth are plotted as a function of the nadir
angle for 10 search half-cones around the vertical from 3° to
30°. For this data, the average value of the exposure is 2620
m2 yr ~it varies slightly for different search cones because
the area decreases by 37 m2 when the search cone increases
from 3° to 30° around the vertical!. Note that the flux limits
are independent of any hypothesis concerning a WIMP sig-
nal ~or any other source!. As shown in Fig. 1~b!, the appli-
cation of a nm2nt oscillation hypothesis to the atmospheric
neutrino background with Dm250.0025 eV2 and maximum
mixing will result in lower flux limits. The flux limits for the
Earth are presented in Table I as a function of the angle of
the search cone.
B. The search for WIMPs from the Sun
Background rejection is not so critical for moving sources
as it is for steady sources, as a result the analysis for the Sun
does not require that a minimum of absorber thickness be
crossed as did the one for the Earth. Hence, the Sun data
sample includes through-going upward muons with no ab-
sorber requirement as well as semicontained events gener-
ated in the lower half of the detector ~category 2 above!, for
a total of 762 upward-going muon events. Apart from this,
the analysis for the Sun is basically the same as the one for
the Earth.
In the analysis for muons pointing in the direction of the
Sun, the data themselves are used to generate the expected2-4
LIMITS ON DARK MATTER WIMPs USING UPWARD- . . . PHYSICAL REVIEW D 60 082002TABLE I. Observed and background events and 90% C.L. muon flux limits for some of the 10 half cones
chosen pointing from the Earth and the Sun. The background events are those expected from atmospheric
neutrinos. In the case of the Earth, the normalization factors are used to normalize the expected background
events by the ratio of observed to expected events outside each cone. Since the number of detected events
~column 2! is less than the normalized expected events ~column 3!, we set conservative flux limits assuming
that the number of measured events equals the number of expected ones @30#. The Earth results are for the no
oscillation scenario. Earth limits considering neutrino oscillations agree to within 8%. The average exposure
for the Earth is 2620 m2 yr and for the Sun 890 m2 yr.
Earth Sun
Cone Data Back- Norm. Flux Limit Data Back- Flux Limit
ground factor (Em.1.5 GeV! ground (Em.2 GeV!
events (cm22 s21) events (cm22 s21)
30° 76 119.2 0.82 2.24310214 56 51.8 5.84310214
24° 52 75.5 0.79 1.75310214 33 33.1 3.83310214
18° 32 42.2 0.77 1.42310214 17 18.8 2.60310214
15° 24 29.0 0.76 1.20310214 11 13.2 2.09310214
9° 10 10.5 0.75 7.48310215 3 4.7 1.34310214
6° 4 4.6 0.75 5.30310215 2 2.1 1.37310214
3° 0 1.1 0.75 3.79310215 2 0.5 1.73310214events in order to properly include the effects of semicon-
tained events. The arrival times from measured downward-
going muons from the entire period of data taking are as-
signed randomly to the local trajectory coordinates of the
measured upward-going muon events to evaluate their right
ascension. This procedure allows us to take into account
drifts of detection efficiency in time. Figure 2~a! shows the
angular distributions of measured and expected upward-
going muons with respect to the direction of the Sun. The
shape depends on the seasonal variation of the position of the
Sun and on the lifetime of the apparatus. The upward-going
events detected during the night fall towards a cosine of 1,
while the events collected during the day fall near 21. The
exposure of the Sun is calculated with Eq. ~3.2! using the
detector acceptance from the Monte Carlo described in Ref.
@23# ~for Em.2 GeV, see below!. The dependence of the
acceptance of the detector on the direction of the Sun when it
is below the horizon is calculated using both the Monte
Carlo and downward-going muon data. Flux limits are cal-
culated using Eq. ~3.1!. In Fig. 2~b! the flux limits ~90%
C.L.! for an exposure of ;890 m2 yr ~it varies slightly for
different search cones! for 10 search cones around the Sun
direction are shown. Again, it should be noted that any neu-
trino oscillation effects are automatically included in our
method of deriving the number of expected events from real
data.
Table I shows the number of detected and expected
upward-going muon events and corresponding flux limits for
several cone sizes for the Earth and Sun. The muon threshold
energy is determined by the amount of absorber an upward-
going muon must traverse in MACRO. It is lower for the
Earth ~where tracks are oriented towards the vertical! than it
is for the Sun ~where tracks are more inclined!. The upper
limits in Table I are calculated assuming a minimum energy
of 1.5 and 2 GeV for the Earth and the Sun, respectively.
Given the analysis requirements to select upward-going
muons above these energies, we make a maximum error of082005% with respect to an exact calculation which takes into
account the dependence on energy of the acceptance of the
apparatus and of the neutrino fluxes from neutralinos with
different masses.
IV. FLUX LIMITS COMPARED TO SUSY PREDICTIONS
The flux limits from the previous section can be used to
constrain any WIMP model. There are many calculations of
the expected neutrino fluxes from WIMP capture and anni-
hilation in the Sun and Earth @8,18,19#. However, before we
FIG. 2. ~a! Distribution of measured upward-going muons
~black circles! and of the expected upward-going muons induced by
atmospheric neutrinos ~solid line! as a function of the cosine of the
angle from the Sun direction. ~b! Muon flux limits ~90% C.L.! as a
function of the search cone around the direction of the Sun.2-5
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of the details of these models. In order to compare our ex-
perimental results, we have considered calculations devel-
oped in the frame of the minimal supersymmetric extension
of the standard model ~MSSM!.
If the minimal supersymmetric extension of the standard
model @8# is coupled with some GUT assumptions (M 1
55/3M 2sin2 uW where uW is the Weinberg angle!, then the
neutralino mass depends on a few supersymmetric param-
eters: one of the two gaugino mass parameters, M 1 or M 2,
the Higgsino mass parameter m , and the ratio of the Higgs
doublet vacuum expectation values, tan b . The phenomenol-
ogy of neutralinos is determined by the composition param-
eter P5a1
21a2
2
. Some other parameters must be determined
in order to define the processes induced by neutralinos, be-
cause Higgs and the supersymmetric partners of fermions
~sfermions! play a relevant role. In the MSSM there are two
Higgs doublets, hence three neutral Higgs fields ~two scalar
and one pseudoscalar!. The Higgs sector is determined by
two independent parameters: tan b and mA , the mass of the
pseudoscalar neutral boson. The other parameters in the La-
grangian of the model are the bilinear and trilinear param-
eters connected to the spontaneous symmetry breaking. The
number of parameters needed to describe neutralino phenom-
enology may be reduced further by assuming that all the
trilinear parameters are zero except for the third family,
which are assumed to have the common value A and that all
the squarks and sleptons are degenerate with common mass
m0.
The models are generally developed taking into account
the experimental constraints on the parameter space coming
from colliders @10# and from the measurement of the b
→s g process. The experimental result we present in this
paper can be used to constrain any of the developed calcula-
tions. Here we have compared our result with the Bottino
et al. model @18,20#. Another model we have considered is
the one by Bergstro¨m et al. @19#. The main difference be-
tween these two models is how they deal with configurations
of low values of the neutralino cosmological abundance
(Vxh2,0.025). For the calculations of upward-going muons
from neutralino annihilation, Bergstro¨m et al. does not con-
sider these configurations. On the other hand, Bottino et al.,
when the neutralino cosmological abundance is too low to
account for the total dark matter in the halo, assume
if Vxh2.~Vh2!min rx5r loc ,
~4.1!
if Vxh2,~Vh2!min rx5r loc3Vxh2/~Vh2!min .
where (Vh2)min50.03 and r loc50.5 GeV cm23. These con-
figurations are still compatible with experimental limits, with
both calculations yielding consistent predictions for high val-
ues of Vxh2. Moreover, both calculations indicate that indi-
rect searches will have sensitivities at high neutralino
masses. In this section, we will make the comparison be-
tween our data and the predictions of the neutralino models
of Bottino et al. @20# using search cones which collect 90%
of the expected signal.08200The angular distribution of upward-going muons follows
that of the parent neutrinos, with deviations due to charged-
current neutrino interaction and Coulomb multiple scattering
of the produced muons on their path to the detector. Both of
these distributions are a function of the neutrino energy. In
turn, the energy spectrum of neutrinos produced in WIMP
annihilation depends both on the WIMP mass and the anni-
hilation products. The final states can be pairs of fermions, or
Higgs/gauge bosons or combinations of Higgs and gauge
bosons. The branching ratios into these channels depend on
the model and they have some effect on the neutrino energy
spectra. Annihilation to fermion pairs tends to produce softer
neutrinos than annihilation to gauge bosons since fermions
dissipate energy in hadronization whereas bosons have a
greater likelihood of prompt decay to neutrinos. We estimate
the maximum variation in flux limits by taking the extreme
cases where only one annihilation channel is open. We find
this variation is no more than 17% between extreme models
and those considered here. To a good approximation, the
angular distribution is a function of just the neutralino mass,
and so we determine flux limits as a function of neutralino
mass.
The angular distributions of the upward-going muon sig-
nals are calculated using neutrino fluxes from neutralino an-
nihilation in the Sun and Earth calculated by Bottino et al.
@20#. A Monte Carlo calculation with cross sections de-
scribed in Ref. @31# and muon energy loss as described in
Ref. @32# is used to propagate muons through the detector
where the angular resolution is taken into account.
The main difference between the angular distributions of
the signals from Earth and Sun is due to the angular resolu-
tion of the detector which degrades for slanted tracks be-
cause the number of streamer tube layers crossed decreases.
Hence, the more slanted tracks from the Sun tend to have
lower angular resolution than those from the Earth. More-
over, the angular size of the expected signal is affected by
the angular size of the region where WIMP annihilation is
taking place. The diameter of the Sun is 0.5° ~as seen by the
Earth! and the WIMPs are expected to be localized at the
center of the Sun. As a result, the angular size of the WIMP
annihilation region is negligible. However, for the Earth the
angular size of the annihilation region is considerable and
has been estimated by @33,14,18# to be
G~u!.4mxae22mxa sin
2 u ~4.2!
where u is the nadir angle, a is a parameter depending on the
central temperature (T56000 K!, the central density (r
513 g cm23), and the radius of the Earth (a
51.76 GeV21).
In Fig. 3 the muon nadir angle is shown for mx 5 60,
100, 200, 500, and 1000 GeV and fixed model parameters. In
Fig. 4 the angular spreads between the neutrino and the
muon directions are shown as a function of neutralino mass
in the case of the search for neutralinos trapped inside the
Sun.
The 90% C.L. flux limits are calculated as a function of
neutralino mass using cones which collect 90% of the ex-
pected signal. These limits are corrected for the 90% collec-2-6
LIMITS ON DARK MATTER WIMPs USING UPWARD- . . . PHYSICAL REVIEW D 60 082002tion efficiency due to cone size. Figures 5 and 6 show these
limits for the Earth and Sun, respectively. The experimental
limits are superimposed on the flux of upward-going muons
from the Bottino et al. calculation as a function of mx . The
flux limits are calculated for the same muon minimum en-
FIG. 3. Nadir angle distribution of muons induced by neutralino
annihilation inside the Earth for several neutralino masses. The
curves are the result of the simulation described in Sec. IV. The
more peaked distributions correspond to the higher masses consid-
ered. The angular ranges including 90% of the signal are indicated.
FIG. 4. Neutrino-muon angular separation distribution for neu-
trinos from x˜ 2x˜ annihilation in the Sun for several neutralino
masses. The more peaked distributions correspond to the higher
masses considered. The angular ranges with 90% of the signal are
shown.08200ergy as is used in the calculation (Em.1 GeV! considering
the dependence on the energy of the MACRO acceptance in
the low energy region. A correction is applied for each neu-
tralino mass to translate from the thresholds of Table I to the
1 GeV threshold used in the calculation of upward-going
muon fluxes. The correction factors are higher for lower neu-
tralino masses. Moreover, they are higher for the Sun for
which the threshold in Table I is 2 GeV than for the Earth for
which it is 1.5 GeV. We estimate these factors to be 1% for
the Earth and 10% for the Sun for a neutralino mass of 60
GeV.
The fluxes are calculated by varying the model parameters
~each model is represented by a dot in Figs. 5 and 6! in the
following experimentally allowed ranges: 1<tan b<50, 65
GeV<mA<500 GeV, 150 GeV<m0<500 GeV, 23<A
<3, 20 GeV<umu<500 GeV. The calculation also assumes
a neutralino rms halo velocity of 270 km s21, a halo escape
velocity of 650 km s21, a velocity of the Sun around the
Galactic center of 232 km s21, a local dark matter density of
0.5 GeV cm23, and a minimal value for rescaling the neu-
tralino relic abundance (Vh2)min of 0.03 ~explained above!.
Those fluxes lying above the experimental flux limit curve
are ruled out as possible SUSY models by this measurement
given the cosmological parameters chosen. It should be
noted that a variation of the astrophysical parameters used in
these flux predictions may lower the calculated fluxes by at
most one order of magnitude @20#. Moreover, nm2nt oscil-
lations could lower neutrino fluxes from neutralino annihila-
tions by a factor between 0.5 and 0.8 for mx&100 GeV and
by less then about 20% for higher masses for the oscillation
parameters considered in this paper @34#.
Recently the DAMA-NaI experiment observes a possible
annual modulation effect in a WIMP direct search at a 99.6%
C.L. @35#. This modulation has been interpreted in terms of a
relic neutralino which may make up the major part of dark
matter in the universe ~see Ref. @36#, and references therein!.
Figure 7 shows the allowed SUSY models considered by
Bottino et al. for various neutralino local density compared
to the MACRO upward-going muon flux limits from the
Earth @36#. Bottino et al. model is basically the same as the
one already described and shown in Figs. 5 and 6 limited to
the subset of the parameter space which fulfills the DAMA
result. MACRO experimental upper limits from the Earth
rule out many SUSY configurations indicated by the
DAMA-NaI experiment, even assuming the atmospheric
neutrino background oscillates with the parameters favored
by MACRO @23# and Superkamiokande @37#. On the other
hand, the MACRO data from the Sun, which is more sensi-
tive to spin-dependent scattering, has less sensitivity than
direct searches at low masses. We again note that expected
fluxes may decrease by at most a factor of 2 in the presence
of neutrino oscillations.
V. CONCLUSIONS
A search for a WIMP signal is performed using the
MACRO detector at the Gran Sasso Laboratory to observe
upward-going muons coming from the products of WIMP
annihilations from the Earth and Sun. The time-of-flight2-7
M. AMBROSIO et al. PHYSICAL REVIEW D 60 082002FIG. 5. Upward-going muon flux vs mx for Emth51 GeV from the Earth @20#. Each dot is obtained varying model parameters. Dots
correspond to variations of parameters between the following values: tan b51.01, 2, 3, 10, 40, 50; mA565, 70, 75, 80, 85, 90, 95, 100, 200,
300, 500 GeV, where mA is the mass of the pseudoscalar Higgs; m05150, 200, 300, 500 GeV, where m0 is the common soft mass of all the
sfermions and squarks; A523, 21.5, 0, 1.5, 3, where A is the common value of the trilinear coupling in the superpotential for the bottom
and top quark (A is set to zero for the first and second family!; umu and M 2 are varied between 10 and 500 GeV in steps of 20 GeV. In this
plot values of m.0 are considered. Similar results are obtained for m,0. Solid line: MACRO flux limit ~90% C.L.!. The solid line
representing the flux limit for the no-oscillation hypothesis is indistinguishable in the log scale from the one for the nm2nt oscillation
hypothesis, but the expectations could be about two times lower. The dots and circles above the solid line are models excluded by MACRO
upper limit. The open circles indicate the models excluded by direct measurements ~particularly the DAMA-NaI experiment @38#! and
assume a local dark matter density of 0.5 GeV cm23. See Fig. 7 for the comparison for the same density between the MACRO flux limit and
the allowed values of parameters based on recent DAMA-NaI results.technique is used to discriminate the upward-going neutrino-
induced events from the background of downward-going at-
mospheric muons.
We look for an excess of neutrino events over the back-
ground of atmospheric neutrinos in the direction of the Sun
and Earth. No signal of WIMP annihilation is observed, and08200we present upper limits on the flux of upward-going muons
from these bodies.
While we do not see a WIMP signal, we compare our flux
limits to predictions from various SUSY models and rule out
those which are inconsistent with our limits. We calculate
the expected upward-going muon fluxes and angular distri-FIG. 6. Upward-going muon flux vs mx for
Em
th51 GeV from the Sun @20#. Dots correspond
to variations of parameters between the ranges
described in the caption of Fig. 5. In this plot
values of m.0 are considered. Solid line:
MACRO flux limit ~90% C.L.!. The open circles
concern the regions excluded by direct measure-
ments @38#. The dots and circles above the solid
line are models excluded by MACRO upper
limit.2-8
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center of the Earth as a function of the neutralino
mass. The solid lines are our experimental upgo-
ing muon flux limits ~for Em
th51 GeV! at 90%
C.L. as a function of mx for the Earth. The dots
and the circles are SUSY neutralino models from
Bottino et al. @36# singled out by the DAMA-NaI
indication of a possible annual modulation effect
@35#. The plots are obtained assuming the indi-
cated values of r l , local dark matter densities in
units GeV/cm3. The experimental flux limit and
the theoretical fluxes shown are obtained assum-
ing no neutrino oscillations. The limits computed
assuming oscillations are indistinguishable in
these graphs; the expected fluxes may decrease
by at most a factor of 2. The dots represent mod-
els already excluded by cosmic antiproton data
@39#.butions using the SUSY neutralino annihilation calculations
of Bottino et al. @20#. The 90% C.L. upper limits for the flux
of upward-going muons in angular cones collecting 90% of
the expected signal from neutralino annihilation are given.
Our data exclude significant portions of the parameter space
for neutralinos and our limits for the Earth are the most strin-
gent of all ‘‘indirect’’ experiments @15,16#. The flux limits
for the Sun, however, tend to rule out a smaller portion of the
SUSY parameter space at this time. Finally, these data have
also been able to exclude some of the SUSY models sug-
gested by the annual modulation analysis performed by the
DAMA-NaI experiment ~especially at lower neutralino
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